8 9 BCL-2 proteins control the intrinsic pathway of programmed cell death. Composed of 10 anti-and pro-apoptotic members, their network of interactions forms a molecular switch 11 that controls mitochondrial outer-membrane permeability. Apoptotic stimulation leads 12 to BAK/BAX oligomerization and pore formation, yet the molecular details of this pivotal 13 step remain poorly understood, and controversy persists regarding the activation 14 mechanism. Here we use native mass spectrometry and kinetics to show that the homo-15 oligomerization of BAK and BAX is spontaneous in hydrophobic environments. This 16 process is abrogated by hetero-dimerization of both BAK and BAX with the anti-17 apoptotic BCL-2 protein MCL-1. Pro-apoptotic BH3-only proteins disrupt these hetero-18 dimers by binding competitively to MCL-1, releasing BAK/BAX for homo-19
2
A number of models have been proposed to explain BAK/BAX activation and pore-25 formation (Chipuk & Green, 2008 ; Czabotar, Lessene, Strasser, & Adams, 2014; Kale, 26 Osterlund, & Andrews, 2017; Peña-Blanco & García-Sáez, 2018). On one hand, 'direct' 27 activation models stipulate that the trigger is a physical interaction between BH3-only proteins peptides (more details about the BCL-2 family can be found in Extended Data Fig. 1 ). We used 36 native MS and biophysical techniques to probe the interactions between the components of the 37 system, elucidate oligomeric stoichiometries, and investigate thermodynamic and kinetic 38 aspects of these processes. 39
First, we analyzed interactions between the components under simple aqueous buffer 40 conditions. In line with previous reports, the affinities between BH3 motifs and MCL-1 were 41 all found to be tight (low to sub-nM, cf. Table 1) ). We found that under membrane mimetic detergent micelle conditions, both proteins 75 spontaneously formed higher-order oligomers, as revealed by size-exclusion chromatography 76 and chemical cross-linking ( Fig. 1a-c) . In contrast, the anti-apoptotic MCL-1 remained 77 monomeric (Extended Data Fig. 5c ), denoting its distinct biological function. These oligomeric 78 structures were folded, as confirmed by CD spectroscopy, although a slight loss of helicity and 79 change in tryptophan fluorescence were clear indictors of structural rearrangements (Extended 80 Data Fig. 6 ). 81
Use of detergents has previously been reported to result in the formation of non-82 physiological helix-swapped homo-dimers of BAK and BAX (Brouwer et al., 2014; Czabotar 83 et al., 2013 ). However, cross-linking experiments showed that the oligomers reported here are 84 incompatible with these structures (Extended Data Fig. 7 ). Moreover, we clearly observed 85 structures larger than dimers. Importantly, Iyer et al., (2016) have shown that constraining the 86 structure of BAK with specific disulfide staples prevented the release of cytochrome c from 87 mouse embryonic fibroblast mitochondria. We found that the same disulfide mutants were 88 incapable of oligomerization in our assay, suggesting a physiological relevance to the 89 oligomers formed in our experiments (Extended Data Fig. 8 ). 90
We investigated the nature of these oligomers using native MS ( Fig. 1d,e ). Advances in 91 the field have allowed the detection of membrane proteins in the gas-phase from detergent-92 solubilized complexes (Gupta et al., 2017; Laganowsky et al., 2014) . Both BAK and BAX 93 showed heterogeneous ensembles of oligomeric species, and the distributions appear to be 94 biased towards even-numbered species. This result is reminiscent of the results obtained for 95 interactions. However, we found that BH3 motifs had no appreciable affinity for either the 106 monomeric or oligomeric states of BAK (Table 1 and Extended Data Fig. 4 ). Moreover, even 107 a 10-fold excess of either BID or PUMA did not significantly affect the outcome of the 108 oligomerization in the presence of detergent. These results challenge the 'direct' activation 109
mechanism. 110
The presence of detergent completely altered the interaction profiles between BAK/BAX 111 and MCL-1. Hetero-oligomers were readily recovered by SEC ( Fig. 2a ), contrasting with the 112 absence of interactions observed in standard aqueous solutions. Native MS revealed the 113 presence of hetero-dimers (BAK/BAX:MCL-1). More importantly, we found that hetero-dimer 114 formation was at the expense of BAK/BAX self-assembly, pointing at a mechanism of 115 competitive oligomerization ( Fig. 2b,c) . Thus, we infer that pore-formation can be effectively 116 suppressed by hetero-dimerization with anti-apoptotic BCL-2 proteins. Since other anti-117 apoptotic BCL-2 proteins also have tight affinities for BAK BH3 and/or BAX BH3, we anticipate 118 this mechanism to be general (Ku et al., 2011) . 119
Suppression of pore-formation through competitive oligomerization with anti-apoptotic 120 BCL-2 proteins is completely abrogated by BH3-only members. In the presence of PUMA, 121 MCL-1 preferentially forms hetero-dimers with this pro-apoptotic protein, leaving BAK or 122 6 sequentially on pre-oligomerized BAK led to the same qualitative results. Similar results were 125 obtained when BID was used instead of PUMA. Hence, we show unambiguously that the 126 mechanistic role of BH3 motifs is to displace the hetero-dimers formed between BAK/BAX 127 and MCL-1. As such, we demonstrate that their role in promoting the homo-oligomerization 128 of BAK/BAX is entirely indirect. Together with the absence of oligomer-promoting property 129 reported above, our results strongly support the 'indirect' activation model. 130
To gain mechanistic insights into these events, we employed kinetics (Fig. 3) . The 131 oligomerization of BAK in detergent was found to be slow, and the process captured by a single 132 exponential decay function. Moreover, the rate of oligomerization was relatively independent 133 of protein concentration, but was strongly affected by the quantity of detergent present ( Fig.  134 3e,f). Thus, we postulate that the homo-oligomerization of BAK (and BAX) at the membrane 135 is rate-limited by unimolecular processes, probably conformational re-arrangements to expose 136 their BH3 motifs. The strong dependence of the rates on the nature and concentration of 137 detergent also suggests that the hydrophobic environment plays a significant part in the 138 oligomerization process (Extended Data Fig. 10 ). This observation might have implications for 139 the role of membrane biophysics in the pore-formation of BAK/BAX. Interestingly, the rate of 140 hetero-dimerization between BAK and MCL-1 in detergent was found to be very similar to the 141 rate of homo-oligomerization under identical conditions (0.7 and 1.0 ⋅ 10 -3 s -1 , respectively, cf. 142
Extended Data Fig. 11b ). This suggests that the formations of these different assemblies are 143 rate-limited by similar processes. Finally, the rate constant for the displacement of BAK:MCL-144 1 hetero-dimers by PUMA was close to the dissociation rate constant measured for MCL-145 1:BAK BH3 (Table 1 and Extended Data Fig. 11a ). This result strongly suggests that the limiting 146 step for BH3-induced oligomerization is the dissociation of BAK:MCL-1 hetero-dimers. 147
Interestingly, the half-life measured here (~17 min) is enticingly close to the time it takes for 148 cytochrome c to be released from mitochondria in apoptotic cells (~5 min) (Green, Goldstein, 7 Waterhouse, Juin, & Evan, 2000). Thus, we infer that pore formation is rate-limited by the 150 dissociation of hetero-dimers of BAK/BAX and anti-apoptotic BCL-2 proteins at the 151
membrane. 152
Our results clarify a long-standing debate regarding the physical interactions and 153 mechanistic details underlying BCL-2 regulation. Our findings demonstrate that a membrane-154 like hydrophobic environment is sufficient to trigger spontaneous homo-oligomerization of 155 BAK/BAX, and that BH3 motifs do not participate in this process. Thus, the membrane appears 156 to be the true 'activator' of oligomerization. This conclusion is supported by a recent cellular 157 study which reported that knocking-out all BCL-2 proteins except BAK and BAX resulted in 158 spontaneous apoptosis (O'neill, Huang, Zhang, Chen, & Luo, 2016). We further demonstrate 159 that the role of anti-apoptotic BCL-2 proteins is to suppress the homo-oligomerization of 
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Constructs 365
Coding DNA sequences for human BAK, BAX and MCL-1 were ordered from 366
Genscript (codon-optimized for Escherichia coli), and sub-cloned into expression vectors by 367 scarless insertion using the In-Fusion kit (Takara). Cysteine residues were mutated to serines 368 to avoid the use of reducing agents. MCL-1 (UniProt:Q07820, residues 168-327, C286S) was 369 sub-cloned into a modified version of the pRSET A vector containing a N-terminal 370 hexahistidine-tag followed by a thrombin cleavage site. The disordered N-terminus, and the C-371 terminal transmembrane regions were excluded, in line with literature reports. An extra GS 372 remained at the N-terminus following proteolytic tag removal. Constructs for BAK 373 (UniProt:Q16611, residues 16-185, C166S) and BAX (UniProt:Q07812, residues 1-171, 374 C62S, C126S) were sub-cloned into the pTXB1 vector (New England Biolabs), which contains 375 a C-terminal intein, followed by a chitin binding domain. BAK and BAX constructs were 376 designed to match literature reports of these proteins. In both cases, the C-terminal 377 transmembrane helix was removed to aid solubility. In the case of BAK, a short disordered 378 segment at the N-terminus was also excluded. Cysteine mutants of BAK were obtained by site-379 directed mutagenesis of the parental construct. All cloning results were confirmed by 380 sequencing. 381
Protein expression and purification 382
MCL-1: Plasmids were transformed into C41(DE3) cells, and grown overnight at 37 °C 383 on 2xTY-agar plates containing ampicillin (100 µg/mL). Pre-cultures (5-10 mL) were prepared 384 from scrapes of these plates, and used to inoculate 1 L cultures (LB). Cells were grown at 37 385 °C until they reached an OD 600 of about 0.6. Protein expression was induced by addition of 386 IPTG (1 mM final concentration), and expression was carried out overnight at 18 °C. Cells 387 were harvested by centrifugation, the pellet re-suspended in PBS buffer (10 mM sodium 388 phosphate, 137 mM NaCl, 3 mM KCl, pH 7.4) containing 25 mM imidazole, and sonicated on 389 ice. Debris were cleared by centrifugation, and the proteins purified from the supernatant by 390 binding to Ni-NTA resin. The protein was released by addition of PBS containing 500 mM 391 imidazole and buffer-exchanged into 20 mM Tris, 150 mM NaCl, 5 mM CaCl 2 , pH 7.5. 392
Cleavage of the hexahistidine-tag was performed overnight at room temperature using 393 thrombin from bovine serum (Sigma). MCL-1 was further purified by ion-exchange 394 chromatography on a HiTrap SP HP cation-exchange column (GE Healthcare) using a 10 mM 395 HEPES pH 7.5 ± 1 M NaCl buffer system (stepped gradient; 0-9% over 20 mL, 9-13% over 396 25 mL, 13-20% over 20 mL). Clean fractions were pooled, and further purified by SEC on a 397
Superdex 75 26/600 (GE Healthcare) equilibrated in 50 mM sodium phosphate pH 7.0. 398 BAK and BAX: Plasmids were transformed into BL21(DE3) (BAK) or C41(DE3) 399 (BAX) cells, and grown overnight at 37 °C on 2xTY-agar plates containing ampicillin (100 400 µg/mL). Pre-cultures made from these plates were used to inoculate 1 L cultures (LB). Cells 401 were grown at 37 °C until they reached an OD 600 of about 0.6. Protein expression was induced 402 by addition of IPTG. BAK expression was carried out at 37 °C for 4 h following induction with 403 1 mM IPTG. BAX was induced with 0.1 mM IPTG, and the expression performed overnight 404 at 28 °C. Cells were harvested by centrifugation, the pellet re-suspended in HEPES buffer (20 405 mM HEPES, 100 mM NaCl, 1 mM EDTA, pH 7), and sonicated on ice. Debris were cleared 406 by centrifugation, and the proteins were purified from the soluble fraction by binding to chitin 407 resin (New England Biolabs) at 4 °C. Removal of the tag was achieved by self-cleavage of the 408 intein, which was induced by the addition of 50 mM DTT overnight at room temperature. 22 PUMA BH3 used for out-competition experiments was produced recombinantly as a GB1 412 fusion. The synthetic gene was ordered from Genscript and sub-cloned into pRSET A. The 413 construct contained a N-terminal hexahistidine-tag followed by GB1 fused to PUMA BH3 414 (UniProt:Q9BXH1, residues 125-161, M144A) via a thrombin cleavage site. Expression and 415 purification protocols were broadly similar to MCL-1. In brief, expression was carried out at 416 37 °C for 4 h in C41(DE3) or C41(DE3)pLysS cells. After sonication, the construct was 417 purified from the soluble fraction by nickel affinity chromatography, and the peptides was 418 cleaved from its His 6 -GB1 tag overnight at room temperature using thrombin. The released 419 Control experiments to assess the effect of cysteine mutations on oligomerization were 481 obtained by reducing the respective disulfide mutant with 50 mM DTT for 10 min at room 482 temperature prior to SEC analysis. The oxidation step (disulfide stapling) was performed either 483 before, or after, the addition of detergent (as detailed in the text).
Spectroscopic analysis of the oligomers 486
Spectroscopic signatures associated with the monomeric and detergent-treated 487 oligomeric states of BAK and BAX were analysed by far-UV CD spectroscopy and intrinsic 488 tryptophan (and tyrosine) fluorescence at protein concentrations between 5 and 10 µM. CD 489 spectra were recorded on a Chirascan instrument (Applied Photophysics) between 200 and 250 490 nm (1 nm intervals) and adaptive sampling. Fluorescence emission spectra were recorded on a 491
Cary Eclipse Fluorescence Spectrophotometer (Agilent) by exciting at 280 nm and recording 492 the fluorescence intensity between 300 and 400 nm (1 nm increments). All spectra were buffer-493 subtracted. 494 495
Oligomerization kinetics 496
Oligomerization kinetics in the presence of detergents was assessed by intrinsic 497 tryptophan fluorescence. Reactions were monitored on a Cary Eclipse Fluorescence 498 Spectrophotometer (Agilent) by exciting at 280 nm, and measuring changes in fluorescence 499 intensity at 330 nm. Reactions were performed in 50 mM sodium phosphate pH 7.0, and the 500 oligomerization initiated by addition of detergent from 10x stocks using a pipette. The dead 501 time between the addition of detergent and the start of the data acquisition were accounted for 502 by modifying the timebase during analysis. Measurements were performed in duplicates, traces 503 individually fitted to a single exponential decay function, and the observed rates averaged : 504
S(t) = Amp*exp(-k obs *t)+S final . 505 506
Association kinetics 507
Association rate constants for BH3 peptides and either MCL-1 or BAK were obtained 508 using stopped-flow kinetic measurements under pseudo-first order conditions. Experiments 509 were recorded on either a SX18 or SX20 stopped-flow spectrophotometer (Applied 510 26 Photophysics). Reactions were monitored by either following the change in intrinsic 511 fluorescence (exciting at 280 nm, and using a 320 nm longpass filter), or extrinsic fluorescence 512 (TAMRA, exciting at 555 nm, and using a 570 nm longpass filter). In some cases, the signal 513 change observed from fluorescence intensity was poor, and fluorescence anisotropy was 514 recorded instead (using a FP1 fluorescence polarisation accessory, Applied Photophysics). 515
Typical concentrations of TAMRA-labeled peptides were 100-500 nM (final), and the partner 516 protein was present in at least 10-fold excess. For each condition (pair of concentrations), 517 multiple association traces were recorded (10-40), the data averaged, and the result fitted to a 518 single exponential decay function. Some association kinetics between MCL-1 and BH3 motifs 519 were performed using un-labeled peptides. These reactions were performed under reverse-520 pseudo-first order conditions (peptide in excess), and also fitted to a single exponential decay 521 function. The gradient of the line between k obs and the concentration of excess partner gave k on 522 523
Dissociation kinetics 524
Dissociation rate constants for complexes between BH3 motifs and MCL-1 were 525 obtained by performing out-competition experiments. Complexes of MCL-1 and TAMRA-526 labeled BH3 peptides were pre-formed by mixing equimolar amounts of the components 527 (typical concentrations were 5 µM). A solution of the out-competitor (PUMA BH3 , un-labeled) 528 was placed in a fluorescence cuvette, and irreversible dissociation was initiated by diluting the 529 complex into the un-labeled BH3 peptide solution. Data were collected by exciting TAMRA 530 at 555 nm and measuring the change in fluorescence intensity at 575 nm. In certain cases, loss 531 of fluorescence polarisation (obtained using a manual fluorescence polarisation accessory set 532 to V/V) gave a better signal-to-noise ratio, and was used instead of fluorescence intensity. Data 533 were fitted to a single exponential decay function. For long traces, a linear drift term was added 534 to account for photobleaching of the dye. Experiments were repeated in the presence of 535 different excess quantities of out-competitor (50-400 molar excess over complex, two different 536 excess concentrations for each pair). Irreversible dissociation was confirmed by the absence of 537 a dependence of k obs on the fold-excess of competitor. Concentration-independent values were 538 averaged, giving k off . For some out-competition dissociation reactions, the rates were too fast 539 to be measured by manual mixing on a fluorescence spectrophotometer, in which cases 540 stopped-flow kinetic measurements using 1:10 volume mixing were performed. General 541 principles were identical to the experiments performed by manual mixing, but the reduction in 542 dead time allowed fast dissociation events to be observed. 543 544
Equilibrium binding 545
Equilibrium binding dissociation constants between BAK and BH3 motifs were obtained Protein stocks were buffer-exchanged into 100 mM ammonium acetate pH 7.0 by SEC 580 on a Superdex 75 10/300. Mixtures of proteins were assembled in the buffer to final 581 concentrations of 5 µM (total, equimolar distributions), before adding PS20 (5xCMC). 582
Oligomerization was left to proceed at room temperature for at least 3 h before analyzing the 583 29 samples. All spectra were acquired on a modified Q Exactive hybrid quadrupole-Orbitrap mass 584 spectrometer (Thermo Scientific) (Fort et al., 2018) coupled with an offline source, at a HCD 585 cell pressure of 7 mL/min of argon, and an HCD energy of 40 eV. The data were analyzed with 586 Xcalibur 4.1 (Thermo Scientific). 587 Fig. 1 | The BCL-2 Concentrations of protein and peptides were 10 µM and 100 µM respectively. Experiments were performed in the presence/absence of PS20 (20⋅CMC). Absence of peptide in the oligomeric peak was confirmed by a lack of absorbance at 555 nm (the absorbance maximum of the TAMRA dye). Both C12E8 (red) and PS20 (blue) were tested over a 10-fold range against BAK. The protein concentration was also varied over a 10-fold range. Black lines represent fits to a single exponential decay function. Note the different time-scales. The diagram at the bottom illustrates the approximate fold-change in rate when switching between the protein-detergent conditions indicated by the arrow. A 10-fold change in protein concentration has almost no effect on the rate of oligomerisation. Interestingly, PS20 (blue) appears to have a much greater impact than C12E8 (red) on the rate of oligomerisation. peptide. The association reaction was followed by monitoring the change in TAMRA fluorescence polarization, and the data fitted to a single exponential decay function (black line, k obs = 6.7 (±0.1) 10 -4 s -1 ). Binding is extremely slow, and the observed association rate constant is similar to the dissociation rate constant of BAK BH3 from MCL-1 in buffer (k off = 5.6 (±0.6) 10 -4 s -1 ), suggesting a dissociation-limited binding event. b, The homo-oligomerization of BAK, and its hetero-dimerization with MCL-1 appear to be rate-limited by similar processes.
Extended Data Figures
Extended Data
Components were pre-assembled in buffer (5 µM final concentrations), and the reaction initiated by the addition of PS20 (20×CMC). The data were fitted to single exponential decay functions (black lines). Observed rate constants were 1.1 (±0.1) 10 -3 s -1 and 0.7 (±0.1) 10 -3 s -1 for BAK and BAK+MCL-1 respectively. 
